Through advances in analytical methods to detect glycoproteins and to determine glycan structures, there have been increasing reports of protein glycosylation in bacteria. In this review, we summarize the known pathways for bacterial protein glycosylation: 1) lipid carrier-mediated "en bloc" glycosylation; and 2) cytoplasmic stepwise protein glycosylation. The exploitation of bacterial protein glycosylation systems, especially the "mix and match" of three independent but similar pathways (oligosaccharyltransferase-(OST)-mediated protein glycosylation, lipopolysaccharide (LPS) and peptidoglycan biosynthesis) in Gram-negative bacteria for glycoengineering recombinant glycoproteins is also discussed.
Introduction
Bacteria have evolved complex biosynthetic pathways to generate an array of monoor oligosaccharide moieties to produce capsules, lipopolysaccharides (LPS), peptidoglycans, and also to glycosylate lipids (including membrane cholesterols) and proteins. Glycosylation requires the action of enzymes known as glycosyltransferases (GTs) to recognize both the activated-sugar donor and the corresponding acceptor to form a new glycosidic bond between the sugar and the acceptor. The donors are phosphate-activated sugars, which can be linked to nucleotides (UDP-, GDP-, ADPand CMP-) or dolichol-related lipid groups.
Protein glycosylation is a complex enzymatic process that involves GTs and activated substrates. Once thought to be exclusively present in eukaryotes, it is now evident that protein glycosylation is a common feature in all three domains of life (Eukarya, Bacteria, and Archaea) [1, 2] . Even though the mass content of glycans in a glycoprotein is often small (5-10%), glycans represent a significant part of the hydrodynamic volume of the overall glycoprotein, as glycans have a much lower density than proteins [3] . Glycans can have a profound influence on the physiochemical properties of a protein such as proper folding, aggregation, solubility, and stability [4, 5] . Recent studies have shown that glycans on bacterial proteins play key functions in biological processes including adhesion, immune evasion and host colonization [6, 7] . In this review, we summarize the well-described bacterial protein glycosylation pathways, and discuss its exploitation for glycoengineering.
An Overview of Bacterial Protein Glycosylation
The first confirmed report of N-linked glycosylation pathway was described in 2002 in the human gastrointestinal pathogen Campylobacter jejuni [8] . Since then a large number of bacterial glycoproteins have been identified including 1) the flagellins from C. jejuni [9, 10] , Campylobacter coli [11] , Helicobacter pylori [12] [13] [14] , Aeromonas caviae [15] , Pseudomonas aeruginosa [16] , Listeria monocytogenes [17, 18] , Clostridium difficile [19] ; 2) the pilins from Neisseria meningitidis [20] , Neisseria gonorrhoeae [21] , and P. aeruginosa [22] , and 3) the heptosylated autotransporters including AIDA-I, TibA and Ag43 from three different pathogenic E. coli strains [23] [24] [25] [26] and CARC from Citrobacter rodentium [6] . In addition, a number of proteins from Bacteroides fragilis [27] , the Fap1 (fimbriae-associated protein 1) from an oral bacterium Streptococcus parasanguinis [28] and the adhesins HMW1/HMW2 from the non-typeable Haemophilus influenzae are also glycoproteins [29, 30] . O-linked glycoproteins have also been reported in Porphyromonas gingivalis [31, 32] , Burkholderia [33, 34] , Francisella [35, 36] and Acinetobacter spp. [37, 38] .
The glycans of bacterial glycoproteins are more complex than their eukaryotic counterparts [5] , and carbohydrates including diNAcBac [39] , pseudaminic acid (Pse)
[40], DATDH and GATDH [41] are found only in bacteria. Mass spectrometry and NMR analysis are commonly applied analytical tools to solve the precise structure of these glycans, however, owing to the requirement of large amounts of highly purified materials and the high level of specialization to interpret the data [42] , the structures of many bacterial protein glycans are not fully characterized.
Based on the glycosidic linkage, protein glycosylation can be categorized into two major types: 1) O-glycosylation, in which the glycans are attached to the hydroxyl oxygen of serine or threonine (Ser/Thr) residues and 2) N-glycosylation, in which the glycans are attached to the amide nitrogen of asparagine (Asn) residues in targeted proteins. In eukaryotes and archaea, the Asn residues are present in the tripeptide consensus sequence: Asn-X-Ser/Thr (X can be any amino acid except proline), whereas in bacteria this consensus sequon is extended to be Asp/Glc-X1-Asn-X2-Ser/Thr (X1 and X2 represent any amino acid except proline) [43] .
Depending on how the mono-or oligosaccharides are transferred to the targeted proteins, protein glycosylation can also be categorized into two main pathways: 1) lipid carrier-mediated "en bloc" glycosylation and; 2) stepwise protein glycosylation. 
Lipid Carrier-Mediated en bloc Protein Glycosylation
Three different categories of lipid carrier-mediated en bloc protein glycosylation in bacteria are described here: 1) the OST-mediated protein N-glycosylation in Figure 1A) is the best-studied glycosylation system in bacteria and has been considered as a prototype for studying and appreciating the importance of protein glycosylation in host-microbe interactions.
This well-characterized system is encoded by a unique 17- In addition to the -proteobacteria mentioned above, Desulfovibrio vulgaris and Desulfovibrio desulfuricans, which belong to δ-proteobacteria, have also been found to possess an N-linked protein glycosylation pathway [2] .
OST-Mediated Protein O-Glycosylation in Gram-Negative Bacteria
Similar to the general protein N-glycosylation system in C. jejuni, several bacteria including N. meningitidis [20] and N. gonorrhoeae [21] ( Figure 1B) , P. aeruginosa Figure 1D) , and also B. fragilis [27] and In N. meningitidis, pilin glycosylation genes (pglB or pglB2, pglC, pglD, pglA, pglE and pglF) are responsible for the glycosylation of the major subunit of type IV pili PilE and the surface-exposed nitrite reductase AniA with a trisaccharide composed of Gal-Gal-DATDH/GATDH) [41] . Of note, is that the structure of DATDH was later unequivocally shown to be diNAcBac [53] . The sugar donor for diNAcBac/GATDH in N. meningitidis is UDP-diNAcBac/GATDH, which is synthesized from UDP-GlcNAc [2] (Figure 3) . The first step is catalyzed by PglD (homologous to the C. jejuni PglF) to mediate the dehydration of UDP-GlcNAc; PglC (homologous to the C. jejuni PglE) in the second step transfers the amino group; the third step is then catalyzed by the acetyltransferase function of PglB or PglB2 to form UDP-DATDH or UDP-GATDH, respectively. Subsequently, the bifunctional enzyme PglB or PglB2 utilizes its GT function to transfer the activated diNAcBac or GATDH to the lipid carrier. The Gal transferases PglA and PglE are responsible for the transfer of Gal residues to the diNAcBac or GATDH to form a lipid-linked trisaccharide [54] . The has been demonstrated to be an oligosaccharide comprising of nine sugar units, three
Hex residues (one reduced), two hexuronic acids, two HexNAc residues, one methylated deoxyhexose and one deoxyhexose residue [63] . Five putative GTs (BF4299, BF4300, BF4301, BF4305, BF4306) and a fucosyltransferase are proposed to be involved in the assembly of the glycan, and the O-antigen flippase Wzx (BF4298) is thought to be responsible for the translocation of lipid-linked glycan from the cytoplasm to the periplasm [27] . However, the OST in B. fragilis has yet to be identified. was shown to be involved in the assembly and translocation of the hexasaccharide [64, 65] . Interestingly, the mutation of wbtC gene from LPS biosynthetic locus resulted in not only altered LPS but also reduced protein glycosylation [66] . Similarly the mutation of the putative glycan flippase gene FTS_1402 in the FCS200 strain lead to alteration in protein glycosylation and also a decrease in LPS production [65] , suggesting a cross-talk between LPS biosynthesis and protein glycosylation in F.
tularensis. 
Protein O-Mannosylation in Gram-Positive Actinomycetes

Stepwise Protein Glycosylation
As mentioned earlier, bacterial stepwise protein glycosylation is OST-independent and is catalysed by GTs, which sequentially transfer monosaccharides directly to an acceptor protein. [12, 13] , and also the heptosylation of autotransporters [6] . A common feature of flagellin glycosylation is that the sites of glycosylation are located in the central, surface-exposed domain of flagellin when it is assembled in a filament, and the mechanism of attachment seems to be unrelated to a consensus peptide sequence, but is rather related to the surface accessibility of the Ser/Thr residues in the folded protein [13, 16, 40] .
Stepwise Protein
The sugar donor for Pse in H. pylori and C. jejuni has been shown to be CMP-Pse Although the biosynthesis of CMP-Pse and CMP-Leg have been elucidated, the key GTs involved in the transfer of Pse/Leg and related derivatives to flagella are yet to be identified and confirmed. In H. pylori, HP0114 is not directly involved in the biosynthesis of CMP-Pse, but its inactivation resulted in a non-motile phenotype, and therefore, it has been suggested that HP0114 might encode the pseudaminyltransferase [13] . A recent study showed that the motility-associated factor gene maf1 in A. caviae might be the putative pseudaminyltransferase responsible glycosylation of the flagellin in this microbe [15] .
Flagellin O-glycosylation has also been demonstrated in the Gram-positive bacteria L.
monocytogenes [17] , Clostridium botulinum [80] and C. difficile [19] .Up to six sites of the central surface-exposed region of the flagellin monomer of L. monocytogenes is glycosylated with β-O-linked GlcNAc, which is transferred by the GT protein Lmo0688 [12, 17] . The flagellins of C. botulinum and C. difficile have been shown to be modified with Leg derivatives and HexNAc residues, respectively [19, 80] .
Stepwise Heptosylation of Autotransporters
Autotransporters constitute the largest number of secreted virulence factors in AAH/AAH2 and TibC are members of the newly-defined bacterial autotransporter heptosyltransferase (BAHT) family that contain a ferric ion and adopt a dodecamer assembly [6] . The gene encoding BAHT is always located upstream of its substrate autotransporter in the same operon [6] (Figure 7A) . CARC, an AIDA-like autotransporter from C. rodentium is hyper-heptosylated by its cognate heptosyltransferase BAHTCr (Figure 7A ), and this modification is essential for colonization in mice [6] . In addition, BAHTs have also been identified in Salmonella enterica serovar Urbana R8-2977, Shigella sp. D9, Laribacter hongkongensis HLHK9,
Cronobacter sakazakii ATCC BAA-894, and Burkholderia spp., and these BAHT proteins share 40%-80% homology to AAH [6] . 
The "Mix and Match" of Three Independent Glycosylation
Pathways for Glycoengineering
In Gram-negative bacteria, the biosynthetic pathways of OST-mediated protein glycosylation, LPS and peptidoglycan synthesis are independent, but all follow a similar route: 1) using UndP as a lipid carrier to form LLO; 2) the translocation of LLO to the periplasm by flippases and; 3) the ligation of glycans to acceptors by
glycosyltransferases. An evolutionary connection between LPS synthesis and OST-mediated protein glycosylation has been suggested [57, 85] 
Conclusions and Future Perspectives
Through  OST-mediated protein glycosylation, LPS biosynthesis and peptidoglycan biosynthesis pathways (although independent but all proceed via the lipid carrier-mediated "en bloc" pathway), have been "mixed and matched" for glycoengineering a number of recombinant glycoproteins in bacteria.
General O-glycosylation system important to the physiology of a major human intestinal symbiont. The biosynthesis of UDP-DATDH and UDP-GATDH involves three steps starting from UDP-GlcNAc.
Step 1 and Step 2 are the same as the first two steps of the biosynthesis of UDP-diNAcBac in C. jejuni (Figure 2) , by PglD (homologous to the C. jejuni PglF) and PglC (homologous to the C. jejuni PglE), respectively; Step 3 is catalyzed by the acetyltransferase function of PglB or PglB2 to form UDP-DATDH or UDP-GATDH, respectively.*the structure of DATDH has been shown to be diNAcBac [53] . Step 1: the conversion to DD-Hep-7P by isomerase GmhA;
Step 2: the conversion to DD-Hep-1,7PP by the bi-functional RfaE (kinase/adenosyltransferase);
Step 3: the conversion to DD-Hep-1P by phosphatase GmhB;
Step 4: the production of ADP-DD-Hep by the bi-functional RfaE (kinase/adenosyltransferase). For the production of ADP-LD-Hep, it is converted from ADP-DD-Hep by epimerase RfaD.
C. The pathway for the stepwise heptosylation of autotransporters. Prior to its secretion, the autotransporter is heptosylated by the heptosyltransferase BAHT on numerous Ser residues in the passenger domain. Both ADP-DD-Hep and ADP-LD-Hep derived from LPS biosynthetic pathway can serve as the sugar donors for the heptosylation of autotransporter by BAHT.
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